Summary. Aiming at a morphological evaluation of horizontal cell gap junctions under intraocularly injected dopamine and 6-OH-dopamine influences as compared with those in the light and dark periods, the percentage of the junctional areas was computed by planimetry, and the distribution density of connexon particles by visual counting, on complementary freeze-replica electron micrographs. The outer plexiform layer was tentatively divided into the external-horizontal-somatic, intermediate-mixed-fibrous and internal-axon-terminal sublayers. The total number of connexon particles per cell seemed relatively unchanged, because the density of the particles was lower in the light period and after the dopamine treatment than in the dark and after the 6-OH-dopamine treatment; the percentage of the junctional area was conversely greater in the former than in the latter. The mode of response of the gap junction was presumed to occur in parallel with each of the sublayers after the chemical interference.
Signals from photoreceptor cells are processed to form; visual information through the retinal neuron circuits, in which horizontal cells are involved under the efferent innervation via interplexif orm cells, particularly in lower vertebrates (KANEKO, 1971; MANGEL and DOWLING, 1987) . Electrical propagation and dye transfer (STEWART, 1978) have been repeatedly demonstrated between the horizontal cells of teleosts (KANEKO and STUART, 1984; NEGISHI et al., 1988) and turtles (PICCILINO et al., 1984) .
Gap junctions connecting appositional somata and axon terminals as well, have been regarded as important channels working under regulation through catecholamines (NEGISHI and DRUJAN,1979; TERANISHI et al., 1983 TERANISHI et al., , 1984 NEGISHI et al., 1989) . After an early discovery by ultrathin sectioning (YAMADA and ISHI-KAWA, 1965) , the gap junction was visualized by freeze-fracture replicas in the form of clustering intramembranous particles (GOODENOUGH and REVEL, 1970) . These are visible on the protoplasmic fracture face at a relatively low magnification, so that their regional distribution has been extensively analyzed regarding the somata and axon terminals of turtle horizontal cells (WITKOVSKY et al., 1983) .
Other authors followed up this quantifying study by monitoring the particles' alteration during light and dark adaption (WOLBURG and KURZ-IZLER, 1985; KURZ-IZLER and WOLBURG, 1986, 1988) and also under various pharmacological influences (BALDRIDGE et al., 1987 (BALDRIDGE et al., , 1988 . These studies have revealed that electrically uncoupled horizontal cells sustain gap junctions characterized by more or less dispersed particles, whereas gap junctions of coupled cells are characterized by densely packed ones.
Such a hypothesis of concomitant or corresponding structural change of the gap junction is, however, not free from controversy, because a group of authors recently claimed that gap junctional channels are subject to control in terms of opening probability, and not necessarily of changing their distribution or arrangement on the protoplasmic fracture face (MCMAHON et al., 1989; KNAPP et al., 1990 apparent fluctuation of connexon particles so far described has been based on the statistical collection of random data, about which the precise area or width of examined retinas was rarely given.
In looking for a gap junction over considerably undulated freeze replicas with electron microscopy, many smaller clusterings of the particles might have been missed. In contrast, the complementary freeze replicas are expected to provide an inclusive set of existing gap junctions, albeit the actually examined area is limited to several cells at best (TONOSAKI et al., 1985 (TONOSAKI et al., , 1987 .
In the present study, the complementary freeze fracture method is applied to the goldfish retina. The subjects were kept under light and dark cycles for comparison with the influence of extrinsic dopamine, including an experiment with 6-OH-dopamine (COHEN and DOWLING, 1983) . Under various technical confinements, our study offers a statistical light on unanswered questions as follows: 1) Will the total number of connexon particles alter evidently by the light as well as dopamine-stimulation, or remain within a certain range of fluctuation? 2) Will somatic gap junctions respond to such stimulation in harmony with, independently from, or in reverse of their fellows on the axon terminal region?
MATERIALS AND METHODS
Goldfish, commercially called Comet, about 6.3 mm in body length, were maintained in 10 h light (8 a.m.- 6 p.m.)/14 h dark (6 p.m.-8 a.m.) cycle at 15t for 5 days. The eyes of at least two fish were excised and fixed by immersion with a fixative containing 2.0 glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) at 1St for 1 h, after treatments as follows: 1) exposure to 5000 Lx fluorescent light for 3 h and excision at 11 a.m., 2) simple excision at 9 p.m. in dim red light, 3) excision in dim red light 1.5 h after the intraocular injection of dopamine (2.5,ug/eye), and 4) excision in dim red light on the 14th day after intraocular injection of 6-OH-dopamine (5 jig/eye). Experiments 3 and 4 were carried out during the light period. For intraocular injection of 6-OH-dopamine and eye removal, the fish were anesthetized with ethyl m-aminobenzoate methanesulfonate and pithed immediately after the eye removal.
Fixed specimens were substituted with 30% glycerol for 60 min, mounted on the complementary freeze replication holder, and frozen in liquid nitrogen slush at -210t (TONOSAKI and YAMAMOTO, 1974) . Fracturing and replication were performed on a vacuum evaporator, JFD-7000 (JEOL, Akishima, Tokyo), according to the method previously described (TONOSAKI et al., 1987) . Complementary freeze replicas were examined and photographed to form a panoramic montage consisting of some hundred prints at 9,000-times magnification.
In each montage picture, the outer plexif orm layer was tentatively divided into the external-horizontalsomatic (EHS), middle-mixed-fibrous (MMF), and internal-axon-terminal (TAT) sublayers, according to the transition of local profiles rather than literal geometrical delineation.
The identified gap junctions were again photographed for calibration at 30,000-times magnification on a compute-aided digitizer (KD4030, Graphtec Co., Tokyo). Within each subject, the gap junction areas were analyzed by "Kolmogorov-Smirnov's test for two samples" to test their null hypothesis under different experiments and in respective sublayers (SIEGEL, 1956 ). Connexons were visually counted for each 0.01 sq pm on prints magnified at 90,000.
The Student's T-test significance (p <0.01) was examined on the difference of the figures of the connexon particle density in the light-versus darkadaption and also in the dopamine-versus 6-OHdopamine-treated subjects.
RESULTS
Using the complementary fracture replica, the existing gap junction was inclusively identified in the form of clustering connexon particles on the protoplasmic fracture face at such low magnification that the complementary pits on the ectoplasmic face were hardly visible (Fig. 1) . The total of connexon particle-occupied areas, obtained from the protoplasmic fracture faces of complementary pairs of replicas, was regarded to represent inclusively the existing gap junctional areas.
Retinal regions, eventually subjected to quantification by the present study, totaled in terms of tangential width 472um in the light period, 522um in the dark period, 331um after dopamine-treatment, and 186um after 6-OH-dopamine-treatment.
Gap junctional areas and connexon density
With respect to sublayers, EHS, MMF and TAT, the percentages of the gap junctional area and the distribution density of connexon particles were obtained (Table 1 ) and excerpted as follows: 1) the horizontal cell in the light period was characterized by gap junctions consisting of randomly dispersed connexon particles in all sublayers (Fig. 2a) . The figures were found statistically different between EHS and MMF, and between EHS and TAT. 2) In the dark adaption, the gap junction showed a higher density of connexon particles than in the light adaption and, concomitantly, a decrease in area percentage in all sublayers (Fig.  2b). 3) The dopamine-treated subjects showed the highest value of area percentage among all groups; Table 1 . Ratio of gap junction area and density of connexon particles *Gap junction areas per freeze -fractured horizontal cell, **number of connexon particles perum2, n: number of examined, DA: dopamine-treated, 6OHDA: 6-OH-dopaminetreated. (Fig. 2c) . 4) The 6-OH-dopamine-treated subject was characterized by a lower percentage of gap junctions with a higher density of connexon particles in all sublayers, as compared with the dopamine-treated subject (Fig. 2d) .
Variation of gap junctional area within a region
The obtained figures of gap junctional areas showed a considerably large standard deviation, and also failed to fall within the rejection range of the null hypothesis (p<0.01). Only in appearance, however, did the area of the individual gap junction vary in a similar tendency over all sublayers, and larger-sized gap junctional areas appeared more often in the light period than in the dark (Table 2 , Fig. 3 ).
No clear difference between dopamine and 6-OHdopamine treatment was obtained in the area of EHS and MMF gap junctions (Fig. 3d, e) . However, TAT gap junctions of dopamine-treated subjects was larger in area than those of 6-OH-dopamine-treated subjects (Fig. 3f) .
DISCUSSION

Regional variation of gap junctions
The functional coupling of retinal horizontal cells is known to decrease in light adaption as well as after dopamine treatment (LASATER and DOWLING, 1985; DOWLING, 1987; LASATER,1987; MANGEL and DOwUNG, 1987; NEGISHI et al., 1989) . A recent series of papers has proposed that such control of conductance is mediated by dopamine, which is released from the synaptic terminals of the interplexif orm cell (ZUcKER and DOWLING, 1987) . The control is suggested by some authors to be exercised by modifying their open duration or probability, not necessarily accompanying the concomitant spatial movement of connexons (MCMAHON et al., 1989; KNAPP et al., 1990) .
Within a limited range, connexon particles appear to disperse in the light period or after the dopamine treatment as compared in the dark period or after the 6-OH-dopamine treatment, also in accordance with some preceding descriptions (WOLBURG and KURZ-IZLER, 1985; KURZ-IZLER and WOLBURG, 1986, 1988; BALDRIDGE et al., 1987 BALDRIDGE et al., , 1989 . Some authors claimed that such light, or dopamine-induced, dispersion of the particles occurs over regions of the soma as well as over the axon terminals of a particular horizontal cell (WITKOVSKY et al., 1983; KURZ-IZLER and WOLBURG, 1986, 1988) . Other authors, on the contrary, insisted that the electrical coupling at the level of somata and axon terminals are differentially regulated by a regionally different mechanism (TERANISHI et al., 1983 (TERANISHI et al., , 1984 BALDRIDGE et al., 1987 BALDRIDGE et al., , 1989 , and also that there could be a somato-axonic pathway (KOUYAMA and WATANABE, 1986) .
Our results containing regional sets of gap junctions, albeit in a limited number of cells, seem to support the idea of a parallel movement of connexon particles in the soma and axon terminals as far as the comparison among the sublayers. It also gives indirect support that an interplexiform cell forms presynaptic contacts both on the soma and axon terminals of a horizontal cell (MARSHAK and DOWLING, 1987) .
Numerical fluctuation of connexon particles raised by light adaption and dopamine treatment
Extrinsic dopamine is expected to work against horizontal cells in place of interplexiform cell stimulation, whereas 6-OH-dopamine functions to eliminate it by destroying dopaminergic terminals. Although our Kolmogorov-Smirnov test (SIEGEL, 1956) gave only ambiguous answers, it seems conceivable that a gap junction gains in area at the cost of the density of connexon particles in the light period and after dopamine treatment, and vice versa in the dark and after 6-OH-dopamine treatment.
Consequently, connexon particles will be maintained within a total range over the regions including the soma and axon terminals of a particular cell, either by environmental or neurochemical stimulation.
Density of connexon particles and the functional significance
In the course of uncoupling, intrinsic dopamine is discharged from interplexiform cells and transmitted onto horizontal cells, which are determined to reduce their coupling by cAMP as the second messenger (LASATER, 1987; ROGAWSKI, 1987) . There is also a belief that the pattern and/or density of connexonparticle distribution will represent metabolic or renewal phases of connexon particles, rather than a momentary phase of coupling in the retina (KURZ-IZLER and WOLBURG,1986) or cardiac muscle as well (MILLER and GOODENOUGH, 1985) . Concerning some other specialized gap junctions, a renewal process has been discovered which involves the submembranous cytoskeleton (WATANABE et al., 1988) . In goldfish horizontal cells, however, no comparable finding is available at this stage of study.
More or less macular or linear arrays of connexon particles, leaving vacant or smooth interspaces, as visualized in the dark period and 6-OH-dopamine treatment, imply that their distribution is under the influence of or associated with the cytoskeletal rectification working behind the plasmalemma (KURZ-IZLER and WOLBURG, 1988) .
The pressing question as to whether a horizontal cell soma is joined with a non-self and/or selfterminal by gap junction remains unresolved by means of electron microscopy of freeze replicas.
